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It has long been known that the joint cartilages, as age advances, tend to undergo certain changes which render them less resilient and less able to withstand injury. These have been referred to as regressive or involutionary (Collins, 1949, p. 100), but their true nature is still obscure. The gross and microscopic features of so-called age-changes in the joints have been well studied in large series of individuals by Heine (1926) and Bennett, Waine, and Bauer (1942) , and they are of the same type, though varying in degree, as those seen in osteo-arthritis accompanied by symptoms or by bony deformity of the articulations. Local mechanical conditions cannot be dismissed in considering the aetiology of osteo-arthritis; if disadvantageous, they certainly accelerate the process. But apart from the occasional instance of secondary osteo-arthritis occurring in the severely injured or badly deranged joint of a young person, osteo-arthritis is a disease of the elderly, and the senescence of articular cartilage in man needs to be examined.
Some attention has been given to the chemical composition of the matrix of cartilage, but little to its cells, although upon them its vitality clearly depends. The activity of chondrocytes in the synthesis of chondroitin sulphate can be studied with radioactive sulphate, and there is now enough experience with this method to permit its use in vitro with human tissues, as will be explained.
Our present study uses this technique and is directed to comparing chondrocyte function in an articular cartilage (patella) with that in a nonarticular cartilage (rib) in the same person. An intrinsic senescent change might affect the cartilage of the body as a whole; or a cellular failure to maintain the matrix might be apparent only in the joint cartilages. Chemical analyses of human joint cartilage in osteo-arthritis, by Hirsch (1944) and by Matthews (1953) , indicate a loss of mucopolysaccharide which might well be the consequence of failing chondrocyte function. Our results, however, point to a different conclusion-that the chondrocytes of ageing articular cartilage become increasingly active in sulphate utilization, whereas those of the rib show no such trend.
Material
Large pieces of the cartilaginous portions of the 7th rib, sometimes including the articulating 8th or 9th postal cartilages, were removed at 44 necropsies on subjects ranging in age from 5 days to 83 years.
In 32 of these cases a patella was also removed and comparative studies of chondrocyte activity in rib and patellar articular cartilage were completed in 31 instances.
Ten biopsy specimens of costa cartilage were examined; these were obtained from patients aged 23 to 68 years at operation, mainly thoracotomy.
In all, 54 postal cartilages and 32 articular cartilages were examined.
Specimens were processed as soon as possible or stored at 4°C. in the incubation medium. The intervals between death and the post mortem examination and between the collection of the specimen and its processing were carefully noted. It was necessary to investigate the post mortem degradation of chondrocyte activity, but in the comparative studies of rib and patellar cartilages conditions were uniform for each pair of specimens. ANNALS OF THE RHEUMATIC DISEASES about 20 mg., were cut from the transverse diameter of the specimen. Some portions of costal cartilage were stored in the unsliced block at 40 C. and at room temperature in the medium, and repeated estimations were made of their ability to fix sulphate in vitro at 370 C.
(b) Patellar Cartilage.-The patellae were inspected, and changes of osteo-arthritis, if present, were graded O-IV according to the classification proposed by Collins (1949, p. 76) . Blocks of cartilage down to the bone were removed from the complete transverse diameter of the patellae. These blocks were then sliced as finely as possible with a sharp razor. Fine slices of cartilage are said to give optimum uptake of sulphate (Bostrom and MAnsson, 1953) . The thickness of the articular cartilage on the patella ranged between 0 and 5 mm.
Incubation Medium
The medium used 'for incubating the specimens and in which they were transported and stored was that described by Kodicek and Loewi (1955-56) . This is a salt solution containing glucose buffered to pH 7-3, to which sulphate, as sodium sulphate, 4-8 mg. per litre was added.
Radiochemical Technique
This was based on the methods fully set out by Layton (1949 Layton ( , 1950 and by Kodicek and Loewi (1955-56 After 4 hours' incubation, the cartilage slices were rinsed with ice-cold isotonic (2-5 per cent.) sodium sulphate and then stored for 24 hrs at 40 C., the sodium sulphate solution being changed four times during this period. The boiled control confirmed the adequacy of this technique to remove unbound labelled sulphate.
The slices were then blotted dry and further dried overnight on watch glasses at 60°C. in a hot-air oven. They were then weighed, fused with anhydrous sodium carbonate in platinum crucibles, and dissolved in N HCl. These solutions were transferred to 70-ml. silicone-lined centrifuge tubes, and their volume was adjusted to about 50 ml. with distilled water, and the pH to the yellow colour change of bromophenol blue (about pH 3). The tubes were placed in a 950 C. water bath and 5 ml. 0-05N sodium sulphate added as carrier; all the sulphate was then precipitated as barium sulphate by adding 3 ml. N barium chloride. After being allowed to crystallize at 950 C. for 2 hrs, the solutions were cooled to room temperature, then centrifuged, and the precipitate washed twice with distilled water and once with 70 per cent. alcohol and filtered through disks of filter paper over a sintered glass funnel to give a uniformly thick deposit of barium sulphate.
A standard of 1 ml. of a 1: 250 dilution of the radioactivated incubation medium was prepared in the same way at the same time.
The precipitates were counted on the filters, using a thin mica end-window Geiger-Muller tube. All samples were counted for at least 2,000 counts. Counts per minute per mg. dried cartilage were calculated, and by comparison with the standard, the absolute uptake of sulphate was obtained. For convenience this result was expressed as micrograms (,tg.) of sulphate per gram (g.) of dried tissue. Actual weights rather than counts allow results to be compared over a period, extreme accuracy in activation of the medium is unnecessary, and no allowance for radioactive decay need be made, provided that a standard of radio-activated medium is used on each occasion. No significant activity was detected in any boiled cartilage control.
Results
Decline in Sulphate Utilization by Stored Cartilage and by Cartilage post mortem Bostrom and Minsson (1953) , working with calf cartilage, and Curran and Gibson (1955-56) , working with human cartilage, have already proved the expectation that the cells of cartilage removed from the body gradually lose their ability to fix sulphate in vitro. It was also to be expected that cartilage remaining in the cadaver would show a progressive loss of activity after somatic death, but we know of no quantitative investigations on this point. Our first experiments were therefore designed to give us enough information on post mortem and storage decay to enable us to judge the effects of this on our later results.
Storage at 40 C.-All specimens stored in incubation medium at 40 C. showed a decline in ability to fix sulphate when subsequently incubated at 370 C. The absolute values for sulphate uptake in the ten biopsy specimens of costal cartilage are shown in Fig. 1 more children in the post mortem series whose cartilage showed a very high uptake of sulphate (Fig. 3) . The general pattern of decline in sulphatefixing activity resembled that shown by the biopsy material.
Storage at Room Temperature.-Diminished chondrocyte activity in utilizing sulphate developed much more rapidly at room temperature than in the refrigerator. Fig. 3 illustrates this phenomenon in an experiment where assays were made in parallel on cartilage stored in incubation medium at room temperature and at 40 C.
Cleaning of Cartilage.-It was found that the power to fix sulphate was much more rapidly lost by cartilage when the perichondrium and attached fibro-muscular tissues were left attached. We therefore adopted the practice of isolating clean pieces of cartilage with their surfaces scraped free from adventitial tissues as soon as they were removed from the body. 
HC3 HCIS
Influence of Age on Chondrocyte Activity in Costal Cartilage The age of the subject influences the amount of sulphate fixed. This is very obvious when the results from infants are compared with those from older children and adults. The autoradiograph of a section of costal cartilage of an infant (Fig. 4) shows a strikingly different picture from that of an old man's costal cartilage (Fig. 5) . The cells are more numerous in the infant cartilage and each gives a more intense image in the overlying emulsion; some of the cells of the aged cartilage show no uptake of radioactive sulphate.
Many senile costal cartilages contained microscopic foci of calcification, themselves evidence of a reduced viability of the chondrocytes (Hass, 1956 cartilage) was generally higher than that of post mortem samples, although no children were included in the biopsy group (see Fig. 1 ). The results from the 44 post mortem samples of costal cartilage are grouped by age of patient in Table I . Sulphate utilization is high in infants a few days old, less high in older children, and much lower in the adult and elderly. When considering these absolute values, allowance must be made for the time elapsing between death and necropsy. The range of these times is shown in the Table, The trends towards loss of chondrocyte activity with age in costal cartilage (Table I ) and towards increased cellular activity in the joints with age (Table II) led to the expectation that the results in the two tissues would diverge in older patients. We believe that the presence of osteo-arthritis, or age-changes of the same pattern but of less degree, is responsible for the enhanced uptake of sulphate by the cells of the articular cartilage of older subjects, and, indeed, this increase of cellular activity is itself an age-change. Apart from the presence or absence of naked-eye abnormality of the cartilage, the degree of that abnormality, judged on the grades proposed by Collins (1949) , does not seem from Table III to be closely related in individual cases with the numerical index of articular: costal cartilage activity, though, when averaged, cartilage changes of Grade I have a lesser mean activity than those of higher grades (Table V) . (Bostrom, 1952; Bostrom and Mansson, 1953; Boyd and Neuman, 1954) . Furthermore, Pelc and Glucksmann (1955) and Curran and Gibson (1955-56) , using autoradiographs, have demonstrated that the uptake of sulphate is a function of the intact chondrocyte, and Curran and Gibson clearly state that this may be used as a test for the viability of the cell.
The ability of animal cartilage to incorporate sulphate is reduced by homogenization before incubation, by freezing and thawing, by heating to a temperature over 430 C., by incubating in an atmosphere of nitrogen, by cyanide, malonate, mersalyl, cortisone, and many other substances (Bostrcm and MAnsson, 1953; Boyd and Neuman, 1954; Curran and Gibson, 1955-56) . In the present study we found that cartilage in fluid medium brought momentarily to the boil loses all ability to fix sulphate. Sulphate uptake increases with rising temperature up to 430 C. (Bostrom and Mansson, 1953) , and when glucose is added to this medium (Boyd and Neuman, 1954) . All this information leads to the conclusion that the uptake of sulphate by cartilage is a vital cellular process and one that is involved in chondroitin-sulphate synthesis. Hence it can be concluded that by measuring sulphate utilization we are measuring the rate of synthesis of chondroitin-sulphate in a sample of cartilage by the cells it contains.
Most quantitative measurements of the amount of sulphate fixed by cartilage have been carried out in animals. The ability of calf cartilage to fix sulphate decreases with increasing length of time after slaughter, and after 4 days only little activity remains (Bostrom and Macnsson, 1953) . Increasing age has also been shown to influence adversely this function of the chondrocyte (Layton, 1951; Bostrom and Mansson, 1953; Dziewiatkowski, 1954) . Embryonic chick cartilage was found to be 200 times more active than adult cartilage (Boyd and Neuman, 1954) . Qualitative studies with autoradiographs have previously shown that human costal cartilage remains viable for up to 72 hrs in the cadaver (Gibson and Curran, 1957) . The present study confirms this quantitatively by showing that measurable amounts of sulphate are fixed by samples of cartilage obtained at routine post mortem examinations made at intervals up to 36 hrs after death. The initial assays on post mortem cartilage, when compared with the higher counts obtained from biopsy samples, suggest that cartilage deteriorates more rapidly in the cadaver than when stored in vitro. This is not due only to the slower cooling of the whole body but, in our view, is largely accounted for by the retention of perichondrial tissues. Curran and Gibson (1955-56) noted that cartilage stored in plasma clot showed a more rapid loss of vitality.
The uptake of sulphate may be taken as a measurement of chondrocyte respiration, and is inhibited by anything that inhibits cell respiration (Boyd and Neuman, 1954) . The results of studies with 35S are, in general, well in line with the observations by Bywaters (1937) on the respiration of cartilage. Bywaters studied glycolysis in cartilage; oxygen consumption was generally too little for direct measurement. He pointed out that respiratory estimations must take into account not only the weight of the tissue investigated but its cell population; foetal rabbit cartilage showed ten times as much glycolysis per mg. but only twice as much per cell. The very high sulphate uptake by infant rib cartilage in our cases is certainly due in some measure to its great cellularity, but autoradiographs (Fig. 4) also suggest a more intense radioactivity over each cell.
Not all cartilage cells in a tissue slice show uniform activity. Curran and Kennedy (1955) demonstrated by injections of labelled sulphate into mice in vivo, that the mature chondrocyte shows the greatest utilization of sulphate; the least mature cells adjoining the perichondrium and the large vacuolated cells towards the centre do not retain the ion to the same extent. Dziewiatkowski (1951) also showed in the rat epiphysis that newly differentiating and post-mature cartilage cells used relatively little sulphate. These considerations imposed certain precautionary steps on us in sampling our specimens. Every costal cartilage from which results are here included was sliced in full transverse section so that our assay results express the activity of all the chondrocyte population of the specimen.
Despite these precautions, the interpretation of findings in the investigation of costal cartilage is not easy. 0wre (1936) stated that degeneration took place so early and was of such general occurrence in rib cartilage that he was unable to draw conclusions from his observations in regard to any constitutional tendency to cartilage degeneration. In our study the frequency of microscopic foci of degeneration and calcification and their irregular distribution made results difficult to interpret. However, certain trends were noticeable. On storage at 40 C., there is a steady decline in activity (Figs 1 and 2 ). The regularity of decline was most obvious in biopsy material, and this decline was greatly accelerated at room temperature (Fig. 3) . These results are in agreement with the behaviour of animal tissues already described (Bostrom and Mansson, 1953) . Table I shows that chondrocyte activity in costal cartilage falls rapidly in early childhood and probably continues to fall through adolescence, but the fall in later adult life is not statistically significant. What is important is that the activity does not seem to rise again as does the activity of articular cartilage (Tables II and IV) .
The differing metabolism of human costal and articular cartilage, more pronounced with increasing age, is the main matter that we have demonstrated in the present investigation. This disposes of the view that a generalized or systemic degradation occurs in all the cartilage cells of the body as age advances. We have never assumed that all cartilage throughout the body might have the same metabolic activity. Mouse autoradiographs (Pelc and Glucksmann, 1955) have shown that such is not the case. But the change with ageing in the articular: costal cartilage activity index has not previously been measured in any species.
It remains to discuss the relationships between the increased activity of chondrocytes with age, and osteo-arthritic fibrillation and destruction of cartilage (Tables III and V) . Matthews (1952) showed that the content of chondroitin sulphate was greater and that of collagen less in weight-bearing than in non-weight-bearing cartilage. In a later paper, however, Matthews (1953) showed that there was a relative loss of chondroitin sulphate in the fibrillated areas of osteo-arthritic cartilage. Chrisman, Bechtol, Coelho, Rose, and Brennan (1958) Storage of cartilage in incubation medium at 40 C. leads to a slow decline in chondrocyte function, but 50 per cent. of activity still remains after 3 to 4 days (Figs 1 and 2) . Chondrocyte activity declines more rapidly when cartilage is stored at room temperature (Fig. 3) and when the perichondrial tissues are left in situ.
In costal cartilage, sulphate utilization is high in infants a few days old, less high in older children, and much lower in the adult and elderly (Table I) . This is due to the increased cellularity and to more active individual cells in young cartilage (Figs 4 and 5) .
In articular cartilage, by contrast, sulphate utilization tends to increase as age advances (Table  II, Figs 6 and 7) .
Parallel studies of costal and articular cartilage were made post mortem in 31 cases, the time after death and the storage conditions being the same for the two samples. In young subjects costal 
